Dielectric elastomer (DE) is a smart soft material. It is able to produce large deformation under mechanical force and electric field, so that it can achieve mutual conversion between mechanical energy and electrical energy. Based on this property, dielectric elastomer can be used in energy harvesting field. In this paper, firstly, we analyzed the constitutive relation under different hyperelastic models (Gent and neo-Hookean model) based on both theoretical and experimental study. Secondly, we depicted the allowable areas in force-displacement and voltage-charge plane according to different failure modes, and then calculated the maximal energy density in one energy harvesting period. Thirdly, we studied the viscoelastic energy dissipation which can lose the input mechanical energy in the energy harvesting process. Finally, we designed and fabricated a wave power generator, and tested its performance. This paper is of deep significance to the future applications of DE generators.
Introduction
Energy, one of the most important driving forces for the development of the world, has always playedan important role in the history of human civilization. However, with the rapid development of the world, energy shortage and environmental pollution have become major problemsthat threaten human society. How to solve these problems? Looking for renewable and clean energy has become the major objective of scientific researchers. So far, the use of solar energy, wind energy, water energy, etc, has become the strategic frontier to which the scientific researchers are devoted. The defects of hard materials and inspiration from bionics Q1 have promoted the rapid development of smart soft materials. Dielectric elastomer (DE) is one of them. It belongs to a kind of electro-active polymers (EAPs) [1] [2] [3] . It possesses advantages such as good biological compatibility, high elastic energy density, fast response, light weight, low price, easy processing and manufacturing, etc [4, 5] .
In energy harvesting, the essence of DE is a variable capacitor;here we consider a DE film with compliant electrodes (such as carbon, graphite, etc) evenly coated on its two opposite surfaces. As shown in figure 1: first, we charge and stretch the film, the initial mechanical and electrical energy are inputted into the system; second, we turn off the power to maintain the charge on the film constant, and third, we relax the film to its original shape. During the shape recover process, the capacitance of DE film will decrease. As a result, the voltage across the DE film will increase. With the same charge and higher voltage, the initial input electrical energy will increase. In summary, the energy harvesting principle utilizes mechanical energy to raise electrical energy from a lower level to a higher level [6, 7] .
Based on thermodynamics and continuum mechanics, Suo has established the theory of dielectric elastomer [8] . Following his work, coexistent states, instability, large deformation, optimization design, dynamics, finite element method and nonequilibrium have been widely studied [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In this paper, we studied the converted energy and energy dissipation, then designed a generator.
As the core component of energy harvesting, the property of DE material determines the ability to convert energy. DE is a hyperelastic material whose mechanical properties are sensitive to time, environmental conditions, strain history, loading rate and strain rate. And hardening or softening phenomenon also appears. Therefore, the material nonlinearity and the geometrical nonlinearity must be taken into account when one tries to establish the constitutive relation of DE materials. Since the 19th century, researchers have set up numerous constitutive models based on different theories. Gent model and neo-Hookean model are two commonly used hyperelastic energy models. Through comparison of the two models, we first investigated the mechanical property of DE material.
Maximal converted energy reflects the performance of a DE generator. Allowable area is a graphical method to calculate the value. Using neo-Hookean model, Koh et al obtained an ideal maximal energy density of 6.3 J g −1 . In addition, they also proposed a rectangular energy harvesting cycle [21] . It can transfer electrical energy from a low-voltage power supply to a high-voltage power supply through mechanical work and has been already realized in laboratory [21, 22] . Liu et al analyzed the problem using the MooneyRivlin model, they also considered unequal-biaxial stretch [23] . But the hyperelastic energy model they chose cannot describe the strain hardening phenomenon that often appears in DE materials, and they also did not calculate the maximal converted energy of the rectangular cycle they proposed. Therefore, following their work, the ideal and rectangular maximal converted energy were analyzed by Gent model. DE materials have typical viscoelastic effect. Due to the time-dependent forces applied in energy harvesting, the viscoelastic behavior affects the performance of a DE generator. Hong established a mechanical model of viscoelastic dielectrics, and analyzed the instability [24] . Foo et al established the dissipative DE model and analyzed the electromechanical behavior of dissipative DEs under different conditions [25] , and further studied the energy dissipation of the rectangular cycle [26] . Li et al analyzed the energy dissipation behavior of an inflatable DE generator considering inhomogeneous field [27] . Among these studies, the fundamental cycle (as explained in figure 1) was not involved. Therefore, this work was done in the paper.
Based on the working principle, DE is especially suitable for harvesting energy from human motion, ocean and river [28, 29] . DARPA developed a generator to harvest the energy generated by walking soldiers [29] . Chiba et al developed a proof-of-concept water mill that can harvest energy from simulated flowing river in laboratory [30] , and they further developed a buoy generator to harvest energy from ocean waves. This buoy generator uses a proof-mass to provide mechanical force that stretches and contracts the DE material [30] . Maas and Graf developed a novel flow energy generator which consists of a DE tube with a closing mechanism on the outlet [31] . Inspired by Chiba's work, we designed a small wave power generator which utilizes hammers connected to the bottom to provide mechanical force. The aim of this work is to verify the energy harvesting principle and to achieve the conversion. It is significant for the further design of DE generator.
Dielectric elastomer
DE materials are thought to be incompressible. They are composed of mutual cross-linked polymer molecular chains which have finite length. When under no load, the polymer chains are curly, and there are a large number of possible configurations. When under loads, the polymer chains are stretched and gradually approach the limited configuration. When near the limiting stretch, the tensile modulus increases sharply, which is the strain hardening phenomenon. Gent model can describe this phenomenon [32] . Here we choose λ lim =5 and λ lim =10. In figures 2 and 3, the blue curves represent Gent model, while the red curves represent neo-Hookean model.
From figure 2 , different λ lim in Gent model corresponds to a different curve, and each curve has a limit at λ lim . The three curves are nearly identical under small stretch, and the overlapping scope increases as λ lim increases. From figure 3, Gent model has two extreme points, but neo-Hookean model has only one. The maximal value which differs slightly represents the instability point. But Gent model stiffens at λ lim after instability. The three curves are also nearly identical under small stretch, and the overlapping scope increases as λ lim increases.
Next we conduct a uniaxial tensile test. The DE material is TC 5005 A/B-C produced by BJB Enterprises, Inc., USA. It is a room temperature curing polydimethyl siloxane with three components. Component A is silicone rubber base; component B is catalyst; and component C is silicone fluid. TC-5005 A/B is processed by adding curing agent B at a ratio of 10 parts by weight to 100 parts by weight of A. Component C can be added as much as 50% to the total weight of TC-5005 A/B. It affects the modulus of the silicon rubber. To reflect the difference, 20% and 40% are chosen.
The test specimen size is shown in figure 4 (a). The test was done on Zwick Z010 with the loading rate 200 mm min −1 . We test five specimens for each material. To compare the theoretical and test curves, here we employ a simple method to fit the unknown parameter. The small deformation shear modulus is the same for a certain material in both models. We can use neo-Hookean model because of its simple form. From equation (4), by setting 2 l l --to be the x-coordinate and s to be the y-coordinate, the slope of the linear region can be approximately seen as the value of μ. Table 1 is the data fitting result.
Eliminating error data, data fitting results and Mooney plot are shown in figures 4(b)-(e). The green curves represent Gent model, and the red curves represent neo-Hookean model, while the blue curves represent the test results. The test curves of 40% silicone rubber have a large deviation. It may be caused by our material preparation technique (mixing unevenly, placing inequality, etc). Both the two models cannot match well under large stretch. Therefore, if characterizing the material property under small stretch, the neoHookean model is better because of its simplicity. However, due to the fact that Gent model can describe the strain hardening phenomenon, its trend is in accordance with the five test curves, so the error is smaller. But it still has a certain gap.
Maximal converted energy
When characterizing the material property under large stretch, Gent model is more accurate. For a DE generator, a larger 
The failure modes are seen as the normal working critical conditions [5, 21, 23] , and in the following analysis, we make
(1) Loss of Charge (LC). In this condition, the DE film is uncharged, E 0 = and D 0, = equations (9) and ( l l In force-displacement plane, the LC curve is the upper boundary of allowable area; and in voltage-charge plane, it degenerates to the origin of coordinates.
(2) Electrical Breakdown (EB). When the electric field overloads, the accumulation of enough quantity of charged particles will cause the DE material loss its insulativity, we call it electrical breakdown. Assuming the critical electric field is E EB , and the nominal electric field is E E ,
In force-displacement plane, allowable area is above the EB curve; and in voltage-charge plane, it is under the EB curve.
(3) Electromechanical Instability (EMI). When the electric field is smaller than theelectrical breakdown field, but reaches some critical value, a material instability may occur. The critical electric field leads to a thinner film and the thinner film simultaneously leads to a higher true electric field, this positive feedback will continuously increase the electric field until the electrical breakdown happens [11] . The boundary equations can be derived in the following method: utilize equation (10) to eliminate D in equation (9); express Ẽ as a function of λ and s; then regard s as a constant; make the derivative of E s , l( ) be 0, and we can get
The maximal electric field corresponds to the starting point of EMI. Combine equations (9), (10) and (15) 
In force-displacement plane, the area above the EMI curve is allowable; and in voltage-charge plane, the lower area is allowable.
(4) Loss of Tension(LT). In this condition, the DE film is under no load, equations (9) and (10) can be
The LT curve and x-coordinate overlap in force-displacement plane, the upper part of which is the allowable area; and in voltage-charge plane, the allowable area is under that curve.
(5) Stretch Rupture(Sr). When the mechanical force overloads, the DE film will rupture. In Gent model, limiting stretch (λ lim ) restricts the maximal deformation of dielectric elastomer. Therefore, equations (9) and (10) become
The Sr curve is vertical to the x-coordinate in forcedisplacement plane, the left part is the allowable area; and the allowable area is above the Sr curve in voltage-charge plane. Because of the equal-biaxial stretch, the allowable area in voltage-charge plane should be twice of that in force-displacement plane. Energy density is the physical quantity that reflects the ability to convert energy of a certain material per unit mass. Under equal-biaxial stretch, the energy density can be expressed
Considering the simplicity of calculation, here we make ρ=1000 kg m −3 . Ideally, the input mechanical energy can be absolutely converted into the output electrical energy. So we can calculate the maximal converted energy from the both two planes. Here we commence it from the force-displacement plane.
The position relationship of these boundary curves changes along with λ lim . When λ lim is relatively small, the EMI curve has no intersection point with the allowable area, as shown in figure 6(a) . We can express the allowable area 
With the increase of λ lim , the EMI curve moves up, and it will intersect with the LT curve at first. The two intersection points are between the LC and EB curves, as shown in figure 6(b) . The allowable area can be expressed After that, the right intersection point will go across the EB curve as the EMI curve continues to move up ( figure 6(c) ). We have the allowable area 
To obtain the ideal maximal converted energy, we should precisely control the energy harvesting process to go along with the boundary curves. But in fact we cannot achieve the most optimal energy harvesting process. Therefore, we calculate the maximal converted energy of a rectangular cycle proposed by Koh et al [21] . According to the energy harvesting principle, the voltage and charge change are both caused by the capacitance change, and the charge change is prior to the voltage change. Therefore, the voltage change range cannot exceed the charge change range. That is, in allowable area, the vertical side is smaller than the horizontal side. We can find such a rectangle to analyze the maximal converted energy.
Making the x-coordinate Q of the Sr curve as the reference point, we can express the rectangular area. When λ lim is relatively small, the EB curve and LT curve intersect at Q a , and the EB curve and Sr curve intersect at Q b . Thus, Q must be between Q a and Q b ( figure 7(a)) .
As λ lim increases, the EMI curve and LT curve intersect at Q a , and the minimum point of the EMI curve is Q b ; the point that has same y-coordinate with Q b on the EB curve is Q c , and the EB curve and Sr curve intersect at Q d . Thus, Q must be between Q a and Q b or Q c and Q d ( figure 7(b) ).
when After that, the EMI curve and LT curve intersect at Q a , and the EMI curve and EB curve intersect at Q b ; and the minimum point of the EMI curve is on the right side of the EB curve, and the EB curve and Sr curve intersect at Q c . Thus, Q must be between Q a and Q c ( figure 7(c) ).
when
The symbols S (LC,EB,EMI) (λ), U (Sr,EB,EMI) (Q) and Q LT (U) in equations (22) to (29) represent the boundary curves of each failure mode. They are the function of λ, Q and U.
Equations (22) to (24) give the calculation formulas of the whole allowable area with different λ lim . Combine with equation (21), the ideal maximal energy density versus limiting stretch curve can be obtained. Equations (25) to (29) give the calculation formulas of the rectangular area with different λ lim . The boundary curve equations in these formulas have been given (equations (14), (16), (18) and (20)), so the corresponding rectangular areas are available after substituting them into these formulas. The area contains an unknown quantity Q, so different values will be obtained, and among them, a maximal S must exist. Combine with equation (21), the rectangular maximal energy density versus limiting stretch curve can be obtained.
Finally, we can get the maximal energy density in figure 8(a) . The slope of both curves decreases as limiting stretch increases. This means when the limiting stretch increases, the increment of energy decreases; but when it increases to some degree, this energy density will almost remain at a constant level. When λ lim =5, the ideal maximal energy density is 7.322 J g −1 and the rectangular maximal energy density is 2.925 J g −1 .
The result of Gent model is a little bigger than that of neo-Hookean model. This is caused by the differences between the two material models. In forcedisplacement plane, Gent model extends to the upper right region in the form of limit and infinitely tends to the limiting stretch; while neo-Hookean model is cut off by the limiting stretch with a finite length. For the ideal case, the material performance is fully utilized. While for the rectangular energy harvesting cycle, figure 8(b) shows the utilization of material performance. When λ lim =2.6, the utilization is the highest, reaching 50.9%. However, when λ lim =5, the utilization is only 39.95%.
Viscoelastic dissipation
The mechanical model of spring and dashpot (figure 9) is used to describe the viscoelastic behavior of dielectric elastomer here [24] [25] [26] [27] . Make the stretch of spring α and dashpot be λ and ξ, respectively. By geometry, λ is the stretch of DE film and λξ −1 is the stretch of spring β. Regarding ξ as the internal variable, the free energy density of the system consists of the elastic strain energy of the two springs and the static electrical energy. For simplicity, neo-Hookean model is used. 1  2  1 2   1  2  2  2  1  2  2  2   1  2  1  2  2  2  2  2  1  2  1   2  2  2  2   2   2   1  2 
Equations (36) and (37) are two differential equations which contain four unknown functions. If we know two of the four, we can get the other two.
In the energy harvesting process, the deformation of DE film can be simplified to a sine form ( figure 10(a) ).
So the problem is to solve the viscoelastic response under the given sine deformation. Due to the neo-Hookean model beingonly suitable for small stretch, here we choose λ min =1 and λ min =2. In addition, to reflect the time dependence of viscoelastic effect, we choose different t cycle (0.01τ ν , 0.1τ ν , τ ν and 10τ ν ).
The viscoelastic effect exists all the time. So, the initial condition
This process is divided into four stages (figure 10). In stage A-B (t 0 <t<t 1 ), the DE film is charged by an external power U, so it has an initial stretch In stage C-D (t 2 <t<t 3 ), the external power is disconnected. Keep the total charge Q constant, the DE film is completely unloaded to a residual stretch 
where U DE is the voltage across the DE film. When U DE =0 (t=t 4 ), the discharging process completes.
In the state equations, we make U H 0.04, 2 2 e m = λ min , λ max and t cycle are all similar to the above analysis. Figures 11   to 14 give the load-time curves and load-stretch curves of DE film and dashpot, respectively.
From figures 11 and 12, due to the viscoelasticity, the energy harvesting cycle needs several periods to get stable. After stability, the load-stretch curves in every period will coincide, and the closed area represents the input mechanical energy in every period. We also give the limiting curves in figure 12 , is shows that the energy harvesting cycle exceeds the allowable area when cycle time is long. It means that faster cycle time may avoid EMI.
From figures 13 and 14, after stability, the load-stretch curves will encircle an area which represents the dissipative mechanical energy in every period. The shorter the period, the greater the cycle times to achieve stability. But the the dissipative mechanical energy in each period is less. board and three braces are connected to a floating body through three bracket legs. In each sleeve, there is a pressure hammer which is hinged on the corner of an astral board. The astral board is hinged with a rod which is connected to a rigid rope through the center hole of the upper and lower board; the other end of the rope is firmly tied to the bottom.
Wave power generator
When there are waves, the floating body will drive the sleeves up and down. However, the pressure hammer is connected to the bottom; it cannot move sharply. Consequently, the stacked DE transducers will be compressed repeatedly and mechanical energy will input over and over again. After the conversion, the output energy is consumed through a pair of resistances with the capacity of 100 K and 200 M in series.
Next, we establish an operating platform ( figure 16) . A small motor is solidly fixed to drive a foam board up and down through the mechanism of disc and rod. A high-voltage amplifier is used to supply high voltage to the generator. The output voltage is monitored by an oscilloscope paralleled to the smaller resistance. Figure 17 gives the output voltage change corresponds to different input voltages, the converted energy can be determined by
Where C 2 and C 1 are the capacitances before and after deformation, U is the input voltage and t is the output time.
The measured initial capacitance is about 3.3 nF, and the approximate discharge time is 2 s. For compression of the stacked transducers, change it to equal-biaxial stretch. The compression of the transducer is 2 mm, so λ=1.0314. The loading and unloading path can be drawn in force-displacement plane ( figure 18 ). We can get the energy density under different input voltages. Because of small deformation and long relaxation time of our material, the calculated viscoelastic energy dissipation is several orders of magnitude smaller than energy density, so it is neglected here. After calculation, results are shown in figure 19 . The theoretical and experimental values increase along with the input energy. But the slope of the theoretical curve increases, while that of the experimental curve decreases, leading to the conversion efficiency decreasing. The low converted energy is determined by the low capacitance and deformation of our transducers, the former is caused by the material property, while the latter is caused by the structure design. The gap between theoretical and experimental curves may be due to the large internal resistance and short discharge time, which lead to incomplete energy output, and the large energy dissipation caused by current leakage which is not studied in the paper. The decreasing efficiency may be mainly caused by the nonlinear current leakage increase when under higher voltage. It means that the dielectric property of the material also affects the performance of the DE generator.
Conclusion
The influence of Gent model and neo-Hookean model to the constitutive relation of DE materials was compared. As a result, they are almost identical under small stretch; and both are not exactly accurate under large stretch, but the trend of Gent model approaches the real situation.
Choosing Gent model, the ideal maximal energy density and rectangular maximal energy density were calculated, which are 7.322 J g −1 and 2.925 J g −1 at λ lim =5, respectively. The material utilization rate of the rectangle cycle does not increase as limiting stretch increases, reaching its maximal value about 50.9% at λ lim =2.6.
Choosing neo-Hookean model, the viscoelastic dissipation during fundamental energy harvesting process was analyzed. Results show that energy harvesting cycle needs several periods to achieve stability, and the times and dissipative energy is associated with the period.
A small wave power generator was designed and fabricated to achieve the energy conversion; and its performance was tested. The energy conversion efficiency of this generator decreases with the increasing input voltage. It may be mainly caused by the large current leakage under high voltage.
